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a b s t r a c t
Plantations are important REDD+strategies for increasing carbon sequestration while
enhancing local livelihoods. Reforestation along roads and highways under participatory
forest management in southwestern Bangladesh could contribute to REDD+. This study
assessed the diversity and structure of roadside plantations in order to develop a basal area
based generalized allometric model for estimating above- and below-ground tree biomass
carbon in Southwestern Bangladesh. All woody plants with d.b.h. >2 cm were identified
and their diameters measured in 108 systematically selected zigzag plots of equal size (2×
10m). A total of 36 species in 17 families were recorded. Leguminosae accounted for 28% of
species and 94% of the total estimated biomass carbon. We estimated a mean stem density
of 4528 ha−1, basal area of 52.6 m2 ha−1 and biomass carbon of 192.80 Mg ha−1. Samanea
saman, Dalbergia sissoo, Acacia nilotica, and Leucaena leucocephala accounted for most
density, basal area, and carbon. We developed and validated three allometric models with
equal strength (R2 0.94–0.98) using generalized linear regression. Roadside plantations in
Bangladesh can now surely participate in the UNFCCC’s carbon mitigation and adaptation
mechanism, but challenges to their long-term sustainability must be addressed.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Global warming and biodiversity loss are the two important currently debated issues among the world’s scientists and
policy makers (Zhang et al., 2011), caused mainly by fossil fuel burning and deforestation during the last few decades (van
der Werf et al., 2009). The last century finished with an increase in global temperature by 0.74 °C and the atmospheric CO2
concentration of 379 ppm (UNFCCC, 2007; IPCC, 2013). Furthermore, atmospheric carbon dioxidewould be doubled by 2050
if the current rate of increase continues andwill lead to the global temperature rise of up to 2–4 °C (IPCC, 2013). A projection
by IPCC (2013) revealed that by the end of 21st century the global sea level will rise by 28–98 cm due to melting of polar ice,
which would badly alter low-lying coastal countries (e.g. Bangladesh, Maldives, The Netherlands) existence and livelihoods
pattern. Forests retention, coupled with various reforestation and afforestation programmes, tropical in particular, can play
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an important role in mitigating global climate change through sequestering atmospheric carbon (see Dixon et al., 1994a,b;
Jose, 2009; Kumar, 2011).
Forests in Africa, Latin America, South and Southeast Asia, and the Pacific region have been experiencing the highest
carbon emissions due to deforestation (FAO, 2010). In the least developed countries like Bangladesh, 62% of total carbon
emissions originate fromdeforestation (IPCC, 2007). The Kyoto Protocol, themain instrument of the UNFCCC, has introduced
the CDM concept among the low-income people who can store carbon through changes in land use patterns (Roshetko et al.,
2007; Takimoto et al., 2008). Under the current arrangements, reduced emissions fromdeforestation and forest degradation,
and enhancing forest carbon stocks in developing countries (REDD+) does not consider smallholder trees, but only large
scale forests. However, small patches of trees outside forests, if not cut, can contribute towards reducing emissions of carbon
to the atmosphere. The only reason why smallholder trees are not a major focus under the REDD+ arrangement is because
their contribution towards carbon sequestration is not well documented (Nair, 2012). To improve country negotiations
for REDD+ and other carbon market mechanisms, it is necessary to provide evidence about the potential contribution
of smallholder trees outside forests to biodiversity conservation, livelihood options and carbon sequestration (Nair, 2012;
Jashimuddin and Inoue, 2012).
Yet, globally attention has been given towhat extentmanaged landscapes, such as agroforests, community forests, village
woodlots and roadside plantations under participatory management, could hold carbon and contribute to climate change
mitigation (see Albrecht and Kandji, 2003; Roshetko et al., 2007; Saha et al., 2010; Kumar and Nair, 2011; Nair, 2012). The
global coverage of agroforests is 1023 million ha which represents a carbon sequestration potential of 1.9 Pg of carbon over
50 years at a rate of 94 Mg ha−1 in managed landscapes (Dixon et al., 1994a,b; Nair et al., 2009).
Participatory forest management has been practiced in Bangladesh since 1976. Several pilot projects from 1982 to 1987
provided the experience for launching the countrywide participatory forest management project in the forms of restored
forests, agroforests, village woodlots, and road and highway plantations in 1989 (Kabir and Webb, 2005). Increasing the
supply of forest products, especially fuel wood, to improve rural socioeconomic conditions and reversing the process of
environmental degradation through proper soil andwater conservation are themain objectives of participatory forest man-
agement in Bangladesh. As an outcome, 48,420 ha of roadside plantations, 30,666 ha ofwoodlots and 8778 ha of agroforestry
plantations have been raised during the last 30 years in Bangladesh (Jashimuddin and Inoue, 2012). Members of the poorer
sections, with special preference to landless, land-poor and rural women of the surrounding rural communities, are targeted
as participants in the roadside plantations. The participants who protect the plantations have the right to harvest and con-
sume or market all intermediate products in the forms of leaves, twigs and dead branches for household fuel. According to
Forest Department policy, the participants have a right to receive a pre-determined share of 40% of the receipts from auction
of the trees in a local market after the rotation (usually 10–12 years). Yet, commonly practiced roadside plantation under
participatory management in Bangladesh has so far received no research attention in estimating its potential contribution
to livelihood supplementation and carbon sequestration.
Species-level tree biomass carbon estimation using diameter at breast height (dbh) with a tree density based allometric
model is becoming popular (Pandey et al., 2014; Rahman et al., 2014). However, for quick calculation of biomass carbon, a
basal area based allometric model could be another important option as both basal area and biomass carbon have a strong
relation to dbh (Torres and Lovett, 2012; Rahman et al., 2014). Studies have made significant contributions in estimating
ecosystem level aboveground carbon stocks using basal biomass (see Torres and Lovett, 2012; Rahman et al., 2014). The
present focus of REDD+ is examining to what extent carbon sequestration through forest restoration and plantation estab-
lishment is related to biodiversity conservation, poverty reduction, and carbon sequestration. Therefore, this study aimed
to develop generalized allometric equations based on basal area to estimate tree biomass carbon content of the roadside
plantations under participatory management in southwestern Bangladesh.
2. Methods
2.1. Study area
Southwestern Bangladesh is primarily a floodplain landmass lying between 21.50° and 23.91°N latitude and 88.55° and
90.35°E longitude (Fig. 1). The region is bounded by India in the west and the Bay of Bengal in the south. Excessive siltation
and sedimentation in the upper stream has resulted in phenomenal floods in the plain land areas of the region during the
monsoon and severe drought during the dry season. Regular floods and droughts cause enormous damage to the lives and
property in the region. The deltaic landscape of this region is a primarily low (<10 m above a.s.l.), flat, and fertile plain.
The coastal plain is partly sandy and saline, and varies from 1 to 15 km in width (Kabir and Webb, 2008). Calcareous to
non-calcareous soils and peat are the basic soil types extending over the study area. Coastal regions have some areas with
acid sulphate and peat soils (Kabir and Webb, 2008).
Thirty-six percent of the study area is cultivable, 9% uncultivable, 37% littoral mangrove forestland, and 18% un-surveyed
(BBS, 2013). Rice, wheat, jute, sugarcane, pulses, and potatoes are the principal agricultural crops from the cultivable lands
(Kabir and Webb, 2008). Various types of vegetables, spices, fruits, and nuts are also important cultivated crops. There are
no primary forests in the study area except the inaccessible littoral Sundarbans mangrove forest. Intensive shrimp (tiger
prawn) culture is a newly emerging economic activity along the coastal regions of southwest Bangladesh (Kabir and Webb,
2008).
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Fig. 1. Study area. Bagerhat, Satkhira, Jessore, Narail and Jhenaidah districts in southwestern Bangladesh.
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Fig. 2. Photographs of roadside plantation in southwestern Bangladesh. Tender plantation along both the mud (upper left) and paved (lower left) roads.
Beneficiary of the plantation (upper right) and the harvested products (lower right) after the rotation for benefit sharing among stakeholders.
All the districts in southwestern Bangladesh adjoin the capital of the country with a relatively good communication
network. Highway and railway lines connect all the districts of the region. Paved roads connect each sub-district with the
adjoining district headquarters. The majority of the roads within sub-district boundaries are mud with slowly developing
paved roads. The majority of rural roads are muddy and become unusable during the rainy season. The Local Government
and Engineering Department (LGED) have been converting rural mud roads into paved roads, but the progress is slow. In
rural areas, communication facilities are developing rapidly under the rural public works programme. Almost all roads and
highways in southwestern Bangladesh have been planted on both sides with the active participation of the local community
and local government under the social forestry programme of the Bangladesh Forest Department (see Fig. 2).
A tropical to subtropical monsoon climate characterizes the region, marked with seasonal variations, moderately
warm temperatures, heavy rainfall, and excessive humidity (Kabir and Webb, 2008). Three distinct seasons—summer
(March–May), rainy (June–October), and winter (November–February) – are characteristic of the region (Kabir and Webb,
2008). The mean annual temperature is 26 °C (range: 19–32 °C). In some places temperatures go down to 7 °C during the
winter and reach up to 40 °C ormore during the summer (Kabir andWebb, 2008). Total rainfall during themonsoon accounts
for 80% of the total annual rainfall. The annual average rainfall of the study area is 1800 ± 268 mm, ranging from 1400 to
2600 mm (Kabir and Webb, 2008). The potential evapotranspiration is 65–129 mm. The annual average relative humidity
of the region is 78% (Kabir and Webb, 2008). March is the least humid month (65%) while humidity during the monsoon
(June–September) is 75% (Kabir and Webb, 2008).
2.2. Sampling design
A total of 108plots of equal size (2×10m)were selected following systematic sampling in a zigzagmanner (Fig. 3) on both
the sides of road, in order to reduce microsite variation. Successive plots were 200m apart for model development (Fig. 3(a)
and 500 m apart for model validation (Fig. 3(b)). Plots were laid out in two slots in same year plantations (2005–2006). At
first in Bagerhat district, 77 rectangular plots were laid out along the roadside plantation to collect data to develop a basal
area based allometric model. Secondly, 31 plots were laid out along the roadside plantation in four other districts in the
region, 10 from Satkhira, 8 from Jessore, 7 from Narail and 6 from Jhenaidah districts (Fig. 1), in order to validate the basal
area based allometric model. The data from all 108 plots were later used to assess the floristic composition, stand structure,
species diversity and biomass carbon.
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Fig. 3. Schematic diagram of the zigzag plot layout (a) for model development and (b) for model validation along the roadside plantations in southwestern
Bangladesh.
2.3. Data collection
All woody plants with dbh ≥ 2 cm, were censused from all sample plots of the roadside plantations. In each sample plot,
every individual tree was identified and recorded to species level. The diameters of all identified trees were measured at
breast height (1.3 m above ground) using a diameter tapeTMand recorded accordingly.
2.4. Data analysis
2.4.1. Species diversity and structure
Species diversityH ′ (Shannon andWeaver, 1949), evenness J ′ (Pielou, 1977) and richness R (Margalef, 1958) indiceswere
computed using BASIC program SPDIVERS.BAS (Ludwig and Reynolds, 1988). The importance value index was computed
using the derivatives of density, basal area, and frequency of each recorded species in characterizing the stand structure
(see Zhang et al., 2005). ANOVA was used to test the differences between species diversity, richness and evenness, biomass
carbon, basal area and tree density of the roadside plantations across study sites. The Least Significant Difference (LSD) test
was performed for multiple comparisons if any significant difference was found between species diversity, richness and
evenness, biomass carbon, basal area and tree density of the roadside plantations across the study sites.
2.4.2. Tree biomass and carbon
Tree biomass estimation from species- and site-specific allometric models is tedious using the destructive harvest
method, particularly in tropical and subtropical regions, because of the presence of numerous species and individuals in
multiple layers. Common allometric equations that have been developed by felling trees in different tropical and subtropical
regions of theworld are an easier alternative. Taking this point into account, the allometric equation for aboveground carbon
estimation of Chave et al. (2005)was employed, as it covers awide geographical anddiameter range of vegetation of all types.
Below ground biomass and carbon were estimated using the regression model suggested by Cairns et al. (1997) as the most
cost effective and practical method of determining root biomass.
The wood density data were obtained from the World Agroforestry Database (Carsan et al., 2012) and the Global Wood
Density Database (Chave et al., 2009; Zanne et al., 2009). The relatively poor physical condition of the roadside plantations
and their isolation from natural systems usually provides approximately 20% less total biomass than what natural systems
provide (Aguaron and McPherson, 2012). Estimated biomass using Chave et al. (2005) and Cairns et al. (1997) allometric
equation was therefore multiplied by 0.80 to calculate total biomass as suggested by Aguaron and McPherson (2012). Fi-
nally, the total biomass was multiplied by 0.5 to compute actual tree carbon content as 50% of wood’s total biomass is
considered to be carbon. A Generalized Linear Regression Model (GLRM) was employed to develop and validate the basal
area based carbon estimation model.
3. Results
3.1. Species diversity and structure
A total of 36 species in 17 families were recorded from 108 sample plots (Table 1). Of the 36 species, Samanea saman,
Dalbergia sissoo, Acacia nilotica, and Leucaena leucocephalawere the most important species considering stem density, basal
area, and biomass carbon content (Table 1). Leguminosae was the most dominant family, accounting for 28% of all the
recorded species and 94% of the total estimated biomass carbon (Table 2). A total of 978 individuals were recorded in the
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Table 1
Relative abundance, relative frequency, relative coverage, importance value, and biomass carbon content of trees in roadside plantations in southwestern
Bangladesh. List according to the biomass carbon content (from high to low).
Species RD RF RC IVI% BCC%
Samanea saman (Jacq.) Merr. 16.56 30.12 17.77 21.48 27.01
Acacia nilotica Karst. 32.52 17.58 13.55 21.22 24.37
Dalbergia sissoo Roxb. 18.61 22.71 19.58 20.30 23.82
Leucaena leucocephala (Lam.) de Wit 12.07 14.71 9.64 12.14 12.68
Melia azedarach L. 1.84 2.31 4.22 2.79 2.28
Gmelina arborea Roxb. 1.84 1.41 3.61 2.29 0.78
Swietenia macrophylla King 1.64 0.48 3.92 2.01 0.20
Acacia auriculiformis A. Cunn. ex Benth. 1.33 1.60 3.01 1.98 1.28
Albizia procera (Roxb.) Benth. 0.72 2.05 1.81 1.52 2.56
Spondias pinnata (L.f.) Kurz 1.33 0.30 2.71 1.45 0.11
Trewia polycarpa Benth. & Hook.f. 1.33 1.50 1.20 1.34 0.97
Azadirachta indica A.Juss. 1.74 0.32 1.51 1.19 0.25
Artocarpus heterophyllus Lam. 1.02 0.20 1.81 1.01 0.08
Terminalia arjunaWight & Arn. 0.72 0.36 1.81 0.96 0.30
Senna siamea (Lam.) Irw. & Barneby 0.92 1.15 0.60 0.89 0.77
Albizia richardiana King & Prain 0.61 0.45 1.51 0.86 0.35
Phyllanthus emblica L. 0.51 0.26 1.20 0.66 0.25
Bombax ceiba L. 0.41 0.49 0.90 0.60 0.31
Mangifera indica L. 0.92 0.24 0.60 0.59 0.12
Tectona grandis L.f. 0.41 0.10 1.20 0.57 0.06
Pithecellobium dulce (Roxb.) Benth. 0.41 0.44 0.60 0.48 0.60
Psidium guajava L. 0.31 0.03 0.90 0.41 0.02
Polyalthia longifolia (Sonn.) Hook.f. & Thomson 0.31 0.03 0.90 0.41 0.02
Aegle marmelos (L.) Correa 0.20 0.23 0.60 0.35 0.27
Ziziphus nummularia (Burm.f.) W. & A. 0.20 0.18 0.60 0.33 0.19
Morus alba L. 0.20 0.14 0.60 0.32 0.06
Tamarindus indica L. 0.20 0.03 0.60 0.28 0.02
Lagerstroemia speciosa (L.) Pers. 0.20 0.03 0.60 0.28 0.01
Anthocephalus chinensis (Lmk.) A. Rich. exWalp. 0.20 0.18 0.30 0.23 0.08
Ficus religiosa L. 0.10 0.21 0.30 0.20 0.12
Moringa oleifera Lam. 0.10 0.08 0.30 0.16 0.01
Trema orientalis (L.) Blume 0.10 0.05 0.30 0.15 0.02
Alstonia scholaris (L.) R. Br. 0.10 0.04 0.30 0.15 0.02
Ficus benghalensis L. 0.10 0.01 0.30 0.14 0.00
Annona reticulata L. 0.10 0.00 0.30 0.14 0.00
Syzygium cumini (L.) Skeels 0.10 0.00 0.30 0.14 0.00
Table 2
Relative abundance, relative frequency, relative coverage, importance value, and biomass carbon content of plant families in roadside plantations in
southwestern Bangladesh. List according to the biomass carbon content (from high to low).
SL. no Family RD RF RC IVI BCC%
1 Leguminosae 83.95 52.94 90.84 75.91 93.47
2 Meliaceae 5.21 12.75 3.10 7.02 2.73
3 Verbenaceae 2.25 7.35 1.51 3.70 0.84
4 Anacardiaceae 2.25 4.90 0.54 2.56 0.23
5 Euphorbiaceae 1.84 3.92 1.75 2.51 1.21
6 Moraceae 1.43 4.90 0.56 2.30 0.27
7 Combretaceae 0.72 2.94 0.36 1.34 0.30
8 Myrtaceae 0.41 1.96 0.04 0.80 0.02
9 Annonaceae 0.41 1.96 0.03 0.80 0.02
10 Bombacaceae 0.41 1.47 0.49 0.79 0.31
11 Rutaceae 0.20 0.98 0.23 0.47 0.27
12 Rhamnaceae 0.20 0.98 0.18 0.46 0.19
13 Lythraceae 0.20 0.98 0.03 0.40 0.01
14 Rubiaceae 0.20 0.49 0.18 0.29 0.08
15 Moringaceae 0.10 0.49 0.08 0.23 0.01
16 Ulmaceae 0.10 0.49 0.05 0.21 0.02
17 Apocynaceae 0.10 0.49 0.04 0.21 0.02
sample plots. No significant difference was observed in species richness, diversity, and evenness across the five study sites
(P < 0.05; Table 3).
An average density of 4528 stems ha−1 (range: 3000–7950), dbh of 12.45 cm (range: 8.02–12.67) and basal area of
52.6 m2 ha−1 (range: 20.7–95.3) were recorded from roadside plantations across five study sites (Table 4). Multiple com-
parisons with LSD found no significant differences in stem density and diameter across the study sites (P < 0.05), while
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Table 3
Mean species diversity, evenness and richness indices of roadside plantations across five study sites in southwestern
Bangladesh. Figures in parenthesis are standard errors.
Species parameters Study sites Average
Bagerhat Jessore Jhenaidah Narail Satkhira
Diversity (H ′) 1.26 (0.08) 1.28 (0.42) 1.25 (0.35) 1.01 (0.30) 0.98 (0.22) 1.22 (0.07)
Evenness (J ′) 0.75 (0.04) 0.81 (0.26) 0.79 (0.22) 0.64 (0.19) 0.62 (0.14) 0.74 (0.04)
Richness (R) 1.00 (0.07) 1.22 (0.41) 1.13 (0.34) 0.88 (0.26) 0.68 (0.19) 0.98 (0.07)
Table 4
Stem density, diameter and basal area of roadside plantations across five study sites in southwestern Bangladesh. Figures in
parenthesis are standard errors.
Parameter Study sites Average
Bagerhat Jessore Jhenaidah Narail Satkhira
Density (ha−1) 4487 (362) 3000 (532) 3000 (675) 3143(705) 7950 (626) 4528 (297)
Diameter (cm) 11.59 (0.43) 12.67 (1.21) 8.02 (1.30) 12.51 (1.35) 11.67 (0.36) 11.45 (0.35)
Basal area (m2 ha−1) 51.9 (3.2) 44.5 (13.8) 20.7(8.6) 43.2 (10.1) 95.3 (6.1) 52.6 (3.0)
Table 5
Pearson correlation analysis showing relationship of aboveground, belowground, and biomass
carbonwith species diversity, evenness, and richness of roadside plantations across five study sites
in southwestern Bangladesh. Figures in parenthesis are P values.
Carbon level Pearson correlation (r)
Species diversity (H ′) Species evenness (J ′) Species richness (R)
Aboveground 0.03 (0.77) 0.03 (0.75) −0.06 (0.52)
Belowground 0.03 (0.72) 0.03 (0.74) −0.07 (0.50)
Total biomass 0.03 (0.76) 0.03 (0.75) −0.06 (0.52)
Fig. 4. Carbon and biomass content of the roadside plantations across five study sites in southwestern Bangladesh.
basal area was significantly different (P > 0.05). Satkhira district accounted for the highest density and basal area while
Jhenaidah district accounted for the least (Table 4).
3.2. Tree biomass and carbon content
An average biomass carbon of 192.80 Mg ha−1 (range: 56.75–380.11) was calculated from the roadside plantations
(Fig. 4); 86% above ground and 14% below ground. Above- and below-ground biomass carbon content was significantly
different across the five study sites (P < 0.05). The LSD results for multiple comparisons revealed that the Satkhira site has
the highest biomass carbon content and Jhenaidah has the lowest. However, no significant difference was found in biomass
carbon between Bagerhat, Jessore and Narail districts (P > 0.05). Sites with higher basal area and stem density tend to
store more carbon. Pearson’s correlation analyses of plot level aboveground, belowground, and biomass carbon content
with species diversity, evenness and richness indices showed no significant relationships (P > 0.05; Table 5).
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Fig. 5. Basal area based biomass models at the left side of this study validated with models established by Chave et al. (2005) and Cairns et al. (1997) at
the right side.
3.3. Basal area based allometric models and their validation
Three types ofmodelswere developed for carbon assessment from the plot levelmean basal area (Eqs. (1)–(3)).We found
a strong (mean R2 = 0.96; for Linear 0.94, Polynomial 0.94 and Power 0.98 models) and significant (P < 0.05) relationship
between mean biomass carbon and mean basal area for roadside plantations (Fig. 5). All three models were tested against
31 plots with Chave et al. (2005) and Cairns et al. (1997) for validation. Results of the GLRM revealed that all three models
showed significant (P < 0.05) and strong relationships (R2 = 0.84) with established models (Chave et al., 2005; Cairns
et al., 1997) based on biomass carbon content (Fig. 5). Given the high regression R2 (range: 0.94–0.98), our three models are
equally strong in calculating the tree biomass carbon content. Therefore our basal area based allometric models are equally
suitable for calculating biomass carbon content from the trees in open stands.
Biomass C = 4.061× BA− 22.516 (1)
Biomass C = −9.188+ 3.501× BA+ 0.005× BA2 (2)
Biomass C = 1.239× BA1.360. (3)
4. Discussion
Controlling the present level of atmospheric carbon dioxide through reducing deforestation, increasing afforestation or
reforestation, and preventing biodiversity loss is a significant concern among scientists and policy makers (Kanowski et al.,
2011; Pandey et al., 2014). The importance of engaging in meaningful action to combat deforestation is recognized in the
United Nations Framework Convention on Climate Change (UNFCCC) and parties are discussing policies and approaches
to reduce CO2 emissions from deforestation in a post-2012 international agreement on climate change. The UNFCCC
recognizes variousmitigation and adaptation options: firstly, the Clean DevelopmentMechanism (CDM); secondly, Reduced
Emissions from Deforestation and Forest Degradation REDD; and most recently the new strategy—reducing emissions from
deforestation and forest degradation, and enhancing forest carbon stocks in developing countries (REDD+). These are
intended to engagemulti-scale stakeholders in conservation and sustainable management of forest resources for enhancing
carbon sequestration in developing countries with incentives as a reward for mitigating global climate change (Gardner
et al., 2012).
Afforestation and reforestation are the integral parts of REDD+ as an effective mechanism for reducing global climate
change (Bonan, 2008; Wang et al., 2011; Pandey et al., 2014). The parties involved need accurate information on carbon
stocks, biodiversity and the socioeconomic status of the communities in developing countries participating in the REDD+ fi-
nancial mechanism (Pandey et al., 2014). Thus, protecting forest under REDD+ could be an effective measure to mitigate
greenhouse gas emissions and will provide other ecosystem services, such as watershedmanagement and biodiversity con-
servation (Pandey et al., 2014).
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Our recorded 36 tree species in 34 genera and 17 families from roadside plantations was higher than recorded (19
species) from roadside plantations in Kanchanpur District, Nepal (Baral et al., 2013), but fewer than recorded (62 species)
from a national highway plantation in Taiwan (Wang, 2011), or in homestead plantations in Southwestern Bangladesh (146
species; Kabir andWebb, 2008; 58 species; Motiur et al., 2006). These differences may reflect geographic and physiographic
coverage, environmental gradients and the purpose of plantation management. For example, in roadside plantations fast-
growing timber species are planted with the objective of getting a quick return, while in homegardens, multipurpose tree
species, including fruit, timber, and ornamental species are planted.
Repeated disturbances such as grazing, soil work and others, favour species that grow best in degraded conditions, such
as legumes (Brakenhielm and Liu, 1998). Indeed, the tree communities were dominated by several species of legumes in
our study. Samanea saman (Rain tree), Dalbergia sissoo (Sissoo), Acacia nilotica (Babul), and Leucaena leucocephala (Ipil-ipil)
had similar contributions to stem density, basal area, and biomass carbon (Table 1). Legumes accounted for 28% of the tree
species and 94% of the biomass carbon in the five plantations (Table 2). Legumes also dominate in other forests in South
Asia, including an urban forest of Chennai, India (Muthulingam and Thangavel, 2012) and natural forests in Tamil Nadu,
India (Gamble and Fischer, 1934).
The stem density (3668 tree ha−1) in our study was much higher than recorded from other Asian countries. For example,
705 tree ha−1 was recorded from Taiwanese highway plantations of the same age (Wang, 2011) and 279 tree ha−1 from
urban roadside forests in Shenyang, China (Liu and Li, 2012). Compared with some natural and restored forest systems in
Bangladesh, our result for stem density and basal area (52.6 m2 ha−1) was higher than 381 trees ha−1 and 53.5 m2 ha−1
in Chittagong Hill Tracts (South) Forest Division (Nath et al., 1998), 459 trees ha−1 and 16.88 m2 ha−1 in Chunati Wildlife
Sanctuary, Cox’s Bazar (Rahman and Hossain, 2003), 464 trees ha−1 and 27.07 m2 ha−1 in Dudpukuria-Dhopachori Wildlife
Sanctuary of Chittagong South Forest Division (Hossain et al., 2013), 257 tree ha−1 in Ukhiya natural forests of Cox’s Bazar
Forest Division (Ahmed and Haque, 1993) and 369 stem ha−1 in Bamu reserve forests of Cox’s Bazar. This very high density
of trees in roadside plantations compared to many other natural and restored forest systems in Bangladesh may be because
ofmaintaining a certain tree spacing (1.5m×1.5m) alongwith the higher survival rate from confirmed protection. Planting
hedgerow crops, mainly Cajanus cajan on the inner side (close to the road) and Acacia nilotica on the outer side (away from
the road), of roadside plantation is another reason for having higher stem density. Roadside plantations in southwestern
Bangladesh may therefore play an important role in producing more timber and revenue for the local surrounding com-
munity as livelihood – and more importantly sequester carbon – compared to other natural and restored ecosystems in
Bangladesh.
The niche complementary effect states that ecosystem functions like productivity and thereby carbon storage capacity
are regulated by species richness and diversity (Tilman et al., 1996, 2006; Hooper et al., 2005)). However, we found a very
weak insignificant positive relation between aboveground, belowground, and biomass carbon contentwith species diversity
and evenness. Our finding is analogous to the study conducted in forest, agroforest and pasture land use system in tropical
Panama (Kirby and Potvin, 2007), in Mexican tropical forest (Martinez-Sanchez and Cabrales, 2012), and in a mixed-species
plantation in Sardinilla, Panama (Ruiz-Jaen and Potvin, 2011).
Our established three basal area based allometric models can be useful for carbon calculation from the plot level mean
basal area as all three models showed strong relationships in the GLRM analysis (R2 = 0.84). The mean biomass car-
bon (192.80 Mg ha−1) was higher that the reported range (65–158 Mg ha−1) of tree biomass carbon for Bangladesh
(Gibbs et al., 2007). Biomass carbon content was also higher than the reported average tree biomass carbon content of
83.72 Mg ha−1 (Shin et al., 2007) and 110.94 ton ha−1 (Ullah and Al-Amin, 2012) in hill forest of Bangladesh. Studies docu-
mented 11.71±3.57Mg ha−1 in Eastern Australia roadsides (Eldridge andWilson, 2002), 45.49Mg ha−1 in Buter Street and
22.29Mg ha−1 in Penn Street, USA (Keating et al., 2005), 22.83Mg ha−1 in USA national average urban forest carbon storage
(Nowak and Crane, 2002), and 34.95 Mg ha−1 in roadsides of Shenyang, China (Liu and Li, 2012). We thus estimated a much
higher amount of carbon in roadside plantations compared to other studies from tropical and subtropical regions. This may
be due to the higher stem density and basal area (Table 2) in our study. This way roadside plantations in Bangladesh can
play an important role in atmospheric carbon sequestration.
Despite their relatively poor physical condition and isolation, roadside plantations are still important for both livelihoods
and carbon in Bangladesh. However, it is important to consider the role of the local village community in plantation estab-
lishment, protection, management, and conservation as they sustainably harvest non-timber products from the plantation
to supplement livelihood. The villages would take the initiative to protect the plantation from further degradation, establish
management rules, and enforce them with the active involvement of local forest officials. It is now widely acknowledged
by social scientists that collective action and locally-initiated resources conservation can lead to successful conservation
outcomes (Ostrom, 1990; Webb and Shivakoti, 2007). In addition, self-initiated protection, given rights to use, and strong
community leadership contributed to safeguarding the plantations. Although natural and protected forests are usuallymore
effective repositories of plant diversity than plantations managed for extractive use, participatory-managed plantations can
be vital repositories of livelihoods and carbon alongside the protected area system in Bangladesh. This should be considered
as a near-termparticipatory-managed conservation success, even if the level of diversity, livelihood supplement and amount
of carbon stored estimated are low compared to other forest systems in Bangladesh under more complete protection.
Roadside plantations in southwestern Bangladesh still retain enough structural complexity to give a good start to liveli-
hood supplementation and carbon sequestration. Given the challenges to long-term repositories to livelihood and carbon
stocking discussed above, action should be taken to assist in the sustainable retention of roadside plantations in Bangladesh.
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We recommend two investments that should increase the probability of long-term roadside plantation retention in
Bangladesh. First, roadside plantations need to be facilitated with manual enrichment planting. Well-planned enrichment
planting of species would maintain maximum density, improve soil conditions and create microenvironments favourable
for other taxa such as wildlife. Enrichment planting would require a major human resource investment by the communities
as well as generous technical backstopping and distribution of appropriate seedlings by the Forest Department, but could
potentially have significant and positive impacts on forest conditions. Second, there needs to be strict implementation of op-
erational rules, strengthening of institutions for regularmonitoring, and increased authority to implement sanctions against
violators. Vested interest in the plantation and its benefits, combined with the capacity and authority to protect the plan-
tation, should improve the outcomes of plantation management by the communities. If both plantation establishment and
vigilant protection is initiated promptly, roadside plantations in Bangladesh could be on a trajectory towards significant
livelihood supplementation and carbon sequestration in addressing the long lasting poverty and environmental issues in
Bangladesh respectively. This was the REDD+mechanism of poverty alleviation and climate change addressed simultane-
ously.
Care must be taken when interpreting our results. Although indeed in this case study the participatory management did
result in the retention of diverse plants in roadside plantations, the future trajectory of biodiversity conservation, liveli-
hood supplementation and carbon sequestration potential is not known. Moreover, this single case study is not necessarily
representative of all participatory managed roadside plantations in Bangladesh. Accumulation of longitudinal case studies
will be required before we may generalize results like ours. Participatory managed roadside plantation may vary greatly in
biodiversity, intensity of use, and trends of environmental services over time and geographical space. Thus, more research is
required on the impacts of community managed roadside plantation for livelihood options and carbon sequestration poten-
tial in Bangladesh, and in Asia. The results of such research would have important implications in generalizing the impacts
of managed landscapes, with particular reference to roadside plantations, on global poverty alleviation and climate change
adaptation and mitigation strategies.
5. Conclusion
The participatory managed roadside plantations in southwestern Bangladesh contribute to livelihood supplementation
from the pre-determined share (40%) of the receipts from the final harvest. Despite the relatively poor physical condition of
the roadside plantations and their isolation, they are still important for livelihoods and for carbon sequestration. Although
the plantations are harvested every 10–12 years, new plantations are established immediately after harvest, starting an-
other cycle of carbon sequestration. The large area (4.65 million ha) of these plantations in Bangladesh suggests that their
participation in the UNFCCC’s financial based carbon mitigation strategies (e.g. CDM) could provide additional benefits to
the local communities in a comanagement system such as Payment for Environmental Services (PES). Roadside plantations
should be considered as a near-term participatorymanagement conservation success, even if the contribution to livelihoods
and the carbon pool estimated are low compared to other protected forest systems in Bangladesh. Their ability to contribute
to livelihoods and carbon sequestration could be increased by management actions (enrichment planting and strict imple-
mentation of rules in use) to assist their sustainable retention. Despite this pioneering study, more research is needed into
both the livelihood options and carbon sequestration potential of roadside plantations in Bangladesh and elsewhere in Asia.
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